Nitrate, one of the most abundant nitrogen compounds in soil, is metabolized by microorganisms and plants. In the saprophytic fungus Aspergillus nidulans, nitrate utilization involves transcription of the nitrate transporter and nitrate-and nitrite-reductase genes (42) . Transcriptional activation of these genes occurs upon induction by nitrate in the absence of repressing nitrogen sources (ammonium, glutamine), and it is strictly dependent on the synergistic, positive action of the pathway-specific Cys 6 Zn 2 binuclear cluster factor NirA and the GATA factor AreA (3, 33, 35, 50) . niaD and niiA, encoding nitrate and nitrite reductases, respectively, are transcribed from a bidirectional promoter containing four NirA and ten AreA-binding sites of varying functional importance (see Fig.  4B for the most relevant NirA and AreA binding sites) (33, 46, 55) . This promoter undergoes a drastic chromatin rearrangement upon induction. AreA, necessary for both transcriptional activation and chromatin rearrangement, is inactivated by multiple mechanisms elicited by the presence of preferred nitrogen sources leading to repression (2, 32) . At least one of the GATA sites (GATA site 5) is permanently occupied by AreA (33) . In contrast, NirA binding site 2 becomes occupied shortly after nitrate induction, but this occupancy is lost again when cultures are repressed by ammonium. NirA occupancy at promoter sites is AreA dependent (5) . Protein-protein interactions, as shown for these nitrate regulators in A. nidulans (34) and in Neurospora crassa (16) , may underlie the involvement of AreA in NirA binding to site 2.
Considerable experimental (11, 30, 59, 62) and genomic evidence (http://www.broad.mit.edu, and http://www.fgsc.net) suggest that this regulatory mechanism is conserved in the filamentous ascomycetes, although clustering of the structural genes is not always conserved (31) and functionally redundant nitrate transporters have only been identified in A. nidulans thus far (60) .
The eukaryotic nuclear membrane allows regulatory signals to modulate the subcellular distribution of transcription factors. Some Cys 6 Zn 2 binuclear cluster proteins such as Saccharomyces cerevisiae Gal4p, Put3p, or Leu3p (4, 7, 51) are constitutively bound to their cognate UASs, and induction occurs by unmasking of their activation domains (28, 29, 61 ). In contrast, PrnA is constitutively located in the nucleus but necessitates induction to bind DNA (21, 44) , whereas Hap1p enters the nucleus and binds DNA in response to its specific ligand (23, 24, 27) . NirA is located in the cytoplasm in the absence of nitrate (the inducer) and accumulates in the nucleus upon induction. Replacement of inducer by neutral (noninducing and nonrepressing, e.g., urea or arginine) or repressing (ammonium) nitrogen sources leads to dramatically rapid redistribution of NirA to the cytosol (5).
Karyopherins are essential mediators of inward and outward trafficking of macromolecules through the nuclear pore complex (49, 54) . Thus, the interaction of transcription factors with cognate karyopherins is a possible regulatory checkpoint both at the level of nuclear import and export. Activation of the S. cerevisiae anti-oxidant response upregulator Yap1p occurs directly by masking a nuclear export signal (NES) through the formation of an intramolecular disulfide bridge (12, 64) . This process prevents the interaction with Crm1p, the main yeast exportin, thus resulting in accumulation of Yap1p in the nucleus (12) .
The identification of NirA interacting proteins and the characterization of the constitutive mutant nirA c 1 (10, 42) presented below implies that nitrate acts on NirA by disrupting its interaction with the nuclear export machinery, thus resulting in their nuclear retention and subsequent transcriptional activation and that the constitutive mutation mimics this effect.
MATERIALS AND METHODS
Strains, plasmids, and genetic techniques. The A. nidulans and S. cerevisiae strains and transformation plasmids are listed in Tables S1, S2 , and S3 in the supplemental material. Escherichia coli strain JM109 was used for routine plasmid propagation. The nirA c 1 mutation was mapped according to the procedure described by Burger et al. (8) except that strain areA18 nirA d 106 was used as the recipient strain for transformation of the overlapping PCR fragments derived from the nirA c 1 strain. Plasmid and strain constructions are described in in the supplemental material.
S. cerevisiae growth conditions. All strains were grown at 30°C. Media and genetic methods used to construct and screen the two-hybrid libraries and to test for protein-protein interactions followed the instruction manual of the kit provider (HybriZAP-2.1 XR library construction kit instruction manual; Stratagene). Yeast cells were transformed with DNA by using the lithium acetate transformation method (20) .
A. nidulans growth conditions and techniques. A. nidulans growth conditions and techniques were as published previously (33, 35) . Transformation was as described by Tilburn et al. (56) .
Preparation of cDNA library and yeast two-hybrid screen. Nitrate-induced cultures of A. nidulans have been used to prepare mRNA as a template for the cDNA prey library, which was prepared by using the HybriZAP-2.1 XR library system. For construction and quality control of the library, the instructions of the manufacturer were followed. Titers of the amplified HybriZAP-2.1 library were in the range of 10 10 PFU/l. Transformation of the NirA bait fragments (see supplemental material) with the A. nidulans cDNA library was performed by using a high-efficiency lithium acetate transformation protocol (20) . Further analysis of the potential interaction partners and elimination of false-positive interactions were done according to the instructions in the same publication. Selected clones positive for HIS3 and ADE2 expression were further tested for ␤-galactosidase activity. The plasmids encoding the preys were finally rescued from yeast by E. coli transformation and sequenced. The kapK cDNA was used in fusions to either the GAL4p-binding domain (BD; bait fusion) or the GAL4p activation domain (AD; prey fusion). Interaction with NplA (amino acids 80 to 512) was tested with the BD-KapK fusion since an autoactivation sequence is present in NplA. Interactions with NirA (NirA bait 1, positions 1 to 229) was tested by using both the AD-KapK fusion (BD-NirA/AD-KapK) and the BDKapK fusion (AD-NirA/BD-KapK). In these tests, KapK overexpression resulted in toxicity to the yeast strains. The toxicity of the expressed proteins affects the plasmid copy number, making quantitative ␤-galactosidase determination unreliable (52) . We thus assessed all interactions involving KapK by complementation of the ade2 mutation.
␤-Galactosidase assay in yeast extracts. The yeast strains were grown in triplicate assays overnight at 30°C in appropriate selective medium. The cells were washed once with sterile water and collected by centrifugation, and the pellet was resuspended in YPAD medium to an optical density at 600 nm (OD 600 ) of 0.2. These cultures were grown at 30°C to an OD 600 of 0.8 before being harvested. Pelleted cells were washed and finally resuspended in 500 l of sodium phosphate buffer (50 mM Na 3 PO 4 , 1 mM EDTA [pH 8.0]). Then, 500-l glass beads (0.75 to 1 mm in diameter) were added to the tubes, and the cells were broken in a RiboLyser (Hybaid, Heidelberg, Germany). Cell debris was removed by centrifugation steps, and the protein concentration in the crude protein extracts was determined (BCA assay; Pierce); the liquid ␤-galactosidase assay, using ONPG (o-nitrophenyl-␤-D-galactopyranoside) as the substrate, was done as described for yeast protein extracts (48) . The specific ␤-galactosidase activities (Miller units) were calculated as described previously (48) .
Recombinant protein expression, purification, and column binding assay. Purification of glutathione S-transferase (GST) fusion proteins. Expression of GST fusion proteins in E. coli BL21 cells harboring vector pGEX4T1 was achieved according to our published protocol (55) . Due to a lower yield of the NplA fusion protein, the scale of this purification was increased fivefold (1.25 liter). Crude cell preparations were loaded onto GST-agarose columns (Sigma Europe), washed extensively, and subsequently incubated with the in vitro transcription-translation products (see below). KapK was in vitro translated using the coupled transcription-translation reticulocyte lysate system provided by Promega (Mannheim, Germany). The reaction was performed with vector pGAD-THKAP as a template for expression and 35 S-labeled methionine (GE Healthcare, Buckinghamshire, United Kingdom) for protein labeling.
To detect recombinant protein-protein interactions, 500 l of gel slurry packed in columns was equilibrated with column buffer (150 mM NaCl, 100 mM Tris [pH 7.5]) and subsequently loaded with crude extracts containing GST fusion proteins. Columns were washed extensively and then incubated with 50 ng of Columns were washed with washing buffer containing increasing salt concentrations from 5 to 150 mM NaCl. Proteins still bound to glutathione-agarose after all of the washing steps were eluted with 5 mM reduced glutathione-50 mM Tris (pH 8), and fractions of 300 l were collected. Wash and elution fractions were then analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by Coomassie blue staining and autoradiography, respectively.
Fluorescence microscopy. Fluorescence microscopy was performed as described by Berger et al. (5) . Green fluorescent protein (GFP) fusion proteins were induced by 100 pM diethylstilbestrol (DES; Sigma). The media and nitrogen sources used were the same as those used to investigate transcriptional activation, except that 3 mM arginine was used for the noninduced, derepressed (ND) conditions due to the high level of mycelial vacuolization observed on 5 mM urea in areA600 strains.
Transcription analysis, in vivo footprinting, and investigation of nucleosome positioning. Strains were precultured on 1.25 mM ammonium D(ϩ) tartrate as the sole nitrogen source for 7 h at 37°C as described previously (33, 35) . After washing and resuspension on fresh minimal medium, 10 mM ammonium D(ϩ) tartrate (noninducing, repressing [NR] conditions) or 5 mM urea (ND conditions) or 10 mM NaNO 3 (inducing, derepressing [ID] conditions) or 10 mM ammonium D(ϩ) tartrate plus 10 mM NaNO 3 (inducing, repressing [IR] conditions) were added. The cultures were grown for a further 2 h before harvesting. Northern analysis was carried out according to published procedures (33) . The relative intensities of the signals were calculated using the ImageQuant software (Molecular Dynamics) from phosphorimages (Storm; Molecular Dynamics, Inc.). Normalized niiA and niaD signal intensities were obtained by dividing the intensity of the niiA or niaD signal by the intensity of the actin gene signal, respectively. Reverse transcription quantitative real-time PCR used the primers 5Ј-GCGACGACGACAACGGCAAATACT and 5Ј-CATACGCCTCAAACGG GTCCACAG for amplification of niiA and the primers 5Ј-TGGAAACCGGCT AGAGGAAGACAT and 5Ј-CAGGCCCGCAAACCAAAACCAT for niaD. All signals were normalized to the constitutively transcribed actin gene (acnA) by using the primers 5Ј-CGAGCGCGGATACACCTTC and 5Ј-TACGGACGTC GACATCACAC. The Bio-Rad (Hercules, CA) MyiQ cycler was used as device and the platinum SYBR green qPCR SuperMix-UDG (Invitrogen) for cDNA synthesis and consecutive PCR. The niiA and niaD signal intensities were normalized by dividing these values by the values obtained for the acnA (actin) signal. Micrococcal nuclease (MNase) digestion and indirect end labeling was performed as described previously (33) . Methylation protection in vivo footprinting of the NirA binding site 2 in the niiA-niaD intergenic region was carried out as described by Wolschek et al. (63) .
Construction of S-tagged kapK and chromatin immunoprecipitation (ChIP). The S-tagged KapK-expressing strain was constructed by using the epitopetagging techniques described by Yang et al. (66) . Genomic fragments corresponding to 2.5 kb of the 3Ј end of the kapK coding region and 1.5 kb of the 3Ј untranslated region and a fragment containing the S-tag fused to the selectable marker pyrG gene from Aspergillus fumigatus were amplified with specific primers. These three fragments were fused to yield a PCR fragment that was used in transformation in a pyrG89 A. nidulans strain. Transformants were selected as uracil prototrophs and purified, and the integration of the construct was analyzed by Southern blotting. The plasmid containing the S-tag expressing fragment and 792 BERNREITER ET AL. MOL. CELL. BIOL.
was provided by Steven Osmani. The strain used as a recipient, TNO2A3 (pyroA4 pyrG89 ⌬nkuA), which carries the nkuA deletion allele that increases the homologous recombination (36) , was provided by Berl Oakley. ChIP was carried out as described previously (40), with the following modifications. Conidia (10 8 ) were inoculated in Aspergillus minimal medium with arginine as the sole nitrogen source and then grown for 14 h at 37°C. Cultures were induced by 10 mM nitrate for 30 min, followed by a shift to repressing conditions (10 mM ammonium). Immediately before the medium shift the induced sample was withdrawn (inducing conditions and 0-min repression), and incubation under repressing conditions proceeded for 10 min (sample 10 min) or 30 min (sample 30 min). Mycelia were treated with a 1% final concentration of formaldehyde for 15 min. Fixation was stopped with 125 mM glycin, and the cultures were filtered and immediately frozen in liquid nitrogen. Then, 100 mg of frozen mycelium was sonicated in 1 ml of 50 mM HEPES KOH (pH 7.5)-140 mM NaCl-1 mM EDTA (pH 7.5)-1% Triton X-100-0.1% sodium deoxycholate-1ϫ fungal protease inhibitor mix (Promega) for two pulses of 30 s with 1 min of resting. The insoluble debris was pelleted by centrifugation, and the soluble fraction was stored at Ϫ80°C. The equivalent of 200 g of protein was used for immunoprecipitation with S-tag antibody (ab19321; Abcam), and 20 g of protein was used to determine the concentration of DNA (referred to as the input DNA). DNA was eluted by using a PCR purification kit (QIAGEN) column with 100 l of 1 mM Tris-HCl (pH 8.5). A total of 5 l of the elution was used for quantitative real-time PCR (myiQ cycler; Bio-Rad) using platinum SYBR green qPCR SuperMix-UDG (Invitrogen).
The primers used for quantitative PCR were niiA_nuc-1_F (5Ј-GGAAATTC AGGCAGTGCATC-3Ј) and niiA_nuc-1_R (5Ј-TAGGATCTGGAGTGTGGC TAGAG-3Ј).
To detect the background signal of the immunoprecipitation reaction (control reactions), two different strains carrying no S-tagged version of KapK (pabaA1 and biA1 strains, respectively) were analyzed in parallel with the S-tagged kapK strain. Each ChIP experiment was repeated twice. The relative amounts of DNA were calculated by dividing the immunoprecipitated DNA by the input DNA. The standard deviation was calculated from at least two biological repetitions, and significance (P Ͻ 0.01) was determined by analysis of variance.
RESULTS
NirA interacts with a nucleoporin. Using overlapping fragments of NirA fused to the GAL4 DNA-binding domain as baits (see the scheme in Fig. S3 in the supplemental material), we searched for NirA interaction partners encoded by a mixed A. nidulans cDNA-GAL4 activation domain prey library in a yeast two-hybrid screen. Bait 4 of NirA spanning amino acids 612 to 892 contains a putative activation domain, leads to activation of the reporter gene in the absence of a prey plasmid, and hence could not be used for further screens (not shown). In the NirA bait 1 to bait 3 screen we isolated two overlapping prey clones (codons 80 to 512 and codons 127 to 512, respectively) corresponding to auto-called gene AN4595. 3 (http://www.broad.mit.edu) interacting with bait 1 and bait 2. The interacting protein was designated Nup42 by De Souza et al. (13) . To comply with A. nidulans gene nomenclature (9), we denoted the gene nplA, encoding a 512-residue NplA protein (named for nucleoporin-like protein A). The domain structure of NplA is similar to the vertebrate NLP1 nucleoporin-like protein (15) and hRIP/Rab (6, 19 ). An NplA-GFP fusion driven from the strong gpdA promoter (45) 35 S]methionine-labeled KapK (input), which was prepared in a coupled in vitro transcription-translation system. Columns were washed (see Materials and Methods for details), and fractions were eluted using 5 mM reduced glutathione. The autoradiographs show KapK coeluted with fractions containing GST-NirA (NirAKapK, left panel) or GST-NplA (NplA-KapK, right panel) fusion proteins. Columns containing only GST did not show KapK in the eluted fractions. KapK showed the expected mass of ϳ125 kDa, as determined with a molecular mass marker (not shown). Below the autoradiographs GST and GST fusion proteins of the same elution fractions are visualized by using SDS-PAGE and Coomassie blue staining. 
a Yeast two-hybrid interactions were monitored by complementation of the ade2 mutation. Bait vectors containing the GAL4 DNA-binding domain (BD) were constructed to result in a fusion with a control protein (BD-p53), with NirA1-229 (BD-NirA), or with KapK (BD-KapK). Prey vectors containing the GAL4 AD were constructed to result in a fusion with a control protein (Tantigen, AD-Tag, interacting with p53), with NplA (AD-NplA), with KapK (AD-KapK), or with NirA (AD-NirA). The BD-NirA-AD-NirA interaction serves as an additional positive control due to the homodimerization element in the NirA protein (55) .
b ϩ, Interaction; Ϫ, no interaction; ND, not determined.
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nium and glutamine. There were no specific effects on nitrate or nitrite, and the nplA deletion does not affect either niiA and niaD expression (as monitored by Northern blotting) or NirA localization under standard growth conditions (not shown).
The interaction of NirA and NplA is mediated by the Crm1p homlogue KapK. We failed to show any direct in vitro interaction between NirA (positions 1 to 229) and NplA by coimmunoprecipitation of epitope-tagged proteins either directly , was added to these cells and photographed after 2 min of incubation (B). Subsequently, the medium was withdrawn from the cultures and replaced again by ammonium-containing medium (NH 4 ϩ ) (C) or by medium containing ammonium and 10 ng of LMB/ml (LMB ϩ NH 4 ϩ ) (D). Incubation proceeded for 10 min before the NirA-GFP localization was recorded. (C) Nuclear retention of NirA is not sufficient for transcriptional activation. Quantitative reverse transcription-PCR analysis of niiA (ᮀ) and niaD (■) transcription in a nirA ϩ kapK ϩ strain was performed and compared to the LMB-sensitive nirA ϩ kapK1 mutant. Cultures were pregrown for 10 h on a noninducing-derepressing nitrogen source (urea), harvested, and shifted onto media containing urea (ND) or nitrate (ID) as the sole nitrogen source either in the absence (Ϫ) or in the presence (ϩ) of 10 ng of LMB/ml. Incubation proceeded for 2 h before the cultures were harvested and analyzed. The actin gene (acnA) was used to normalize niiA and niaD expression. The transcriptional level of niiA and niaD in the nitrate-induced (ID) wild-type cultures in the absence of LMB (nirA ϩ kapK ϩ , ID Ϫ) was set to 100%. (Fig. 1) .
NirA export from the nucleus is abolished in vivo in a leptomycin B (LMB)-sensitive kapK1 mutant. We then investigated whether KapK is directly involved in NirA nuclear export in A. nidulans. Since CRM1 is essential for Schizosaccharomyces pombe (1) and S. cerevisiae (53), we constructed a conditional kapK mutant. In higher eukaryotes and in S. pombe, CRM1/exportin-1 is specifically inhibited by LMB through its covalent modification of a cysteine residue (26) present in the central conserved region. In S. cerevisiae Crm1p and A. nidulans KapK, a threonine substitutes for the target cysteine, resulting in LMB resistance (37) . We constructed by allelic substitution a strain of A. nidulans sensitive to LMB, carrying the kapK1 T525C mutation, equivalent to the T539C mutation of S. cerevisiae (37) and of CrmA in A. nidulans (57) . We first tested the nuclear retention phenotype of the kapK1 T525C mutation using a GFP chimera, denoted cNLS::NES::GFP, to which the simian virus 40 nuclear localization signal (NLS) and the PKI-␣ inhibitor NES had been attached, using as a control a second GFP fusion protein (cNLS::GFP) carrying the simian virus 40 NLS (cNLS::GFP) but not the NES. As predicted, LMB treatment results, in the kapK1 mutant but not in the wild type, in nuclear retention of the cNLS::NES::GFP but not of cNLS::GFP (see Fig. S2 in the supplemental material).
The effect of kapK1 in NirA-GFP localization was tested. In a kapK ϩ , leptomycin-insensitive background, NirA-GFP is excluded from the nuclei when nitrate is absent. In the kapK1 mutant background, however, leptomycin treatment resulted in exclusive nuclear localization under all tested conditions. Notably, these results show that nitrate is not required for NirA nuclear accumulation ( Fig. 2A) . In the wild type, nuclear NirA-GFP rapidly relocalizes to the cytosol upon shifting cells to ammonium. In the kapK1 strain, LMB fully prevented NirA-GFP relocalization after transfer to ammonium (Fig. 2B) . These results imply that KapK is the only exportin protein able to translocate NirA from the nucleus to the cytoplasm in response to nitrate depletion. Figure 2C shows that nuclear retention in a kapK1 strain does not result in constitutive expression of either niiA or niaD. The slightly elevated transcriptional level in strain nirA ϩ kapK1 under ND conditions is not significant because inactivation of KapK1 by LMB has no additional effect. These results imply that the nuclear localization of NirA is required, but not sufficient, for transcriptional activation of NirA target genes.
In vivo, nitrate disrupts the NirA-KapK interaction. We have shown above that inactivation of the exportin recognizing a putative NES sequence in NirA results in a permanent, nitrate-independent, nuclear localization of NirA. These results strongly suggest that nuclear accumulation of NirA in response to nitrate induction results from the inhibition of export rather than from import activation. If this is the case, we should be able to detect NirA-KapK interactions under conditions in which NirA is exported (e.g., shifting the cultures FIG. 3 . KapK-NirA in vivo interaction at the NirA binding site in the niiA-niaD promoter. ChIP using anti-S-tag antibody directed against S-tagged KapK and amplifying precipitated DNA at the NirA binding site 2 in the niiA-niaD intergenic region. Nitrate-induced cultures were submitted to repression by a shift to ammonium-containing medium, and samples were taken immediately before the shift (0 min) and after 10 min (10) and 30 min (30) of incubation, respectively. Relative amounts of precipitated DNA compared to input DNA (for details see Materials and Methods) at two time points of repression are shown. ChIP reactions with the anti-S-tag antibody in a strain lacking the S-tag epitope at the kapK locus (contr) were used as controls for background amplification. Error bars indicate the standard deviations of at least three biological replicates.
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from nitrate-induced to ammonium-repressed conditions; compare Fig. 2B ), whereas we should not detect such interactions under conditions in which NirA accumulates in the nucleus (e.g., nitrate-induced conditions). To probe for this in vivo interaction in A. nidulans, we used ChIP analysis and monitored the presence of an S-tagged version of KapK at the NirA recognition site in the niiA-niaD promoter based on our previous observations that NirA binds immediately after nitrate induction and remains bound to its promoter sequence until at least 30 min of repression (35) . The results presented in Fig. 3 show that under nitrate-induced conditions (0 min corresponds to samples taken immediately before the shift to repressing conditions) the amount of NirA binding site precipitated with S-tagged KapK is at the background level (control using a strain without S-tagged KapK). In contrast, when cultures are shifted to repressing conditions (for 10 and 30 min), the amount of precipitated NirA-binding site significantly increases. These results suggest that KapK is not interacting with DNA-bound NirA under conditions of nitrate induction but associates with NirA upon ammonium repression, and this association results in the translocation of NirA to the cytosol. A nirA-constitutive mutation (nirA c 1) leads to inducer-independent activity and maps in the putative NES. In genetic screens searching for mutants affected in the nitrate assimilation genes of A. nidulans, rare mutations have been selected that lead to an inducer-independent activation of the nitrate cluster and that map in the nirA gene (42, 47) . We have determined the sequence of the nirA c 1 allele and found a single alteration, i.e., a G2926T transversion resulting in a Gly167Val substitution. Gly167 lies within an amino acid sequence motif strongly conserved among NirA orthologues (see Fig. S3 in the supplemental material). This motif conforms to a canonical nuclear export signal (NES), but Gly167 is not one of the residues defining the consensus sequence.
A nirA c 1 mutation results in partial constitutivity (Fig. 4A , ND) of both niiA and niaD transcription and in an open chromatin pattern in the niiA-niaD intergenic region under ND (i.e., the absence of nitrate and ammonium) conditions (Fig.  4B ). This open pattern is obtained in the wild-type strain (nirA ϩ , areA ϩ ) only in the presence of nitrate (Fig. 4B, ID) . nirA c 1 also results in occupancy of the NirA binding site 2 in the absence of inducer (Fig. 4C) . As expected (47, 58) , nirA c 1 does not affect transcriptional repression of niiA and niaD by ammonium (Fig. 4A, IR) . Ammonium also results in the positioning of all nucleosomes (i.e., a "closed" nucleosomal pattern, (47, 58) . This epistasis holds (Fig. 5A) at the level of the niiA and niaD mRNA steady states, at the level of protection of NirA binding site 2 (Fig. 4C, right  panel) , and at the level of chromatin rearrangements (Fig. 5B) , confirming the essential role of AreA in these processes (33, 35) .
Mutations in the NES abolish NirA interactions in yeast two-hybrid systems and nuclear export in A. nidulans. We have introduced alternative mutations in the region of the nirA c 1 mutation replacing either one (Leu172Ala) or two (Leu172Ala figure) . (C) Subcellular localization of NirA as a GFP fusion protein in an areA mutant background. areA mutant strains ERE-nirA ϩ -GFP (left) and EREnirA c 1-GFP (right) were grown as described in Materials and Methods for ϳ14 h under ND conditions with arginine as the sole nitrogen source (identical nuclear localization patterns were obtained with other ND nitrogen sources such as urea, proline, or hypoxanthine). Induction of the GFP fusion proteins was obtained by the addition of 100 pM DES 5 h prior to the microscopic observations. GFP localization was examined by confocal laser scanning microscopy, and the positions of the nuclei were determined by DAPI (4Ј,6Ј-diamidino-2-phenylindole) staining (not shown). Scale bar, 10 m. Urea, used as a standard ND nitrogen source, resulted in unexpected high vacuolization of mycelia in areA strains and, consequently, observations on arginine rather than on urea are shown in this figure. VOL. 27, 2007 NUCLEAR EXPORT OF FUNGAL NITRATE REGULATOR 797
and Leu174Ala) canonical leucines of the NES consensus sequences by alanines. We then quantified by lacZ reporter enzyme measurements the effect of these mutations on NirANplA in comparison to the nirA wild-type and nirA c 1 sequences in the yeast two-hybrid system. While the nirA c 1 Gly167Val substitution within the NES strongly reduced NplA interaction, single Leu172Ala or double Leu172Ala Leu174Ala substitutions completely abolished the two-hybrid interaction of NirA with NplA (Fig. 6A) . Because KapK bridges the NirA-NplA interaction, the same effect of the NES mutations should also be evident in NirA-KapK interactions. This is shown in Fig. 6B . The NirA-KapK interaction is strongly impaired in NirA c 1
Gly167Val and completely abolished in NirA L172A and NirA L172/174A . A NirA-GFP driven from the very weak nirA promoter complements a nirA mutation, but no fluorescence is visible (5) . We investigated the localization of NirA-GFP fusion proteins in strains expressing the human estrogen receptor ␣ (hER) from a single-copy transgene in which the expression of NirA-GFP or NirA c 1-GFP is driven by a promoter containing an estrogen responsive element (ERE) and thus can be modulated to avoid gross overexpression (5, 41) . NirA c 1-GFP localizes to the nucleus equally well in the presence and in the absence of nitrate and even in the presence of ammonium as the sole nitrogen source, whereas localization of NirA ϩ -GFP in the nucleus is strictly nitrate dependent (Fig. 6C) . In accordance with the yeast two-hybrid results, the substitutions of the "canonical" Leu172 and Leu174 within this motif also led to constitutive nuclear localization, confirming the functionality of the NES. Interestingly, these sequence changes result in a complete loss-of-function phenotype as assessed by both growth tests (no growth on nitrate and nitrite as sole nitrogen sources) and niiA and niaD Northern blots (results not shown). This implies that this region of NirA has an additional, probably structural, function in addition to promoting NirA nuclear export and that the nirA c 1 mutation results in a nirA gain of function both at the level of nuclear retention and at the level of transcriptional activation. Notably, whereas AreA is essential for NirA constitutivity, it is not required for the nuclear retention of NirA c 1 (Fig. 5C ). This supports our previous proposal that AreA is not directly involved NirA nuclear localization (5).
DISCUSSION
We reported previously that nitrate induces rapid NirA accumulation in the nucleus (5) . Three lines of evidence presented here demonstrate that this accumulation results from a blockage in nuclear export rather than from permitting nuclear import. First, in a hunt for NirA-interacting proteins we identified the exportin KapK and a member of the nuclear pore family of proteins, NplA. We showed by yeast two-hybrid analysis and in vitro assays that NirA directly binds KapK, and this protein bridges an interaction between NirA and the nuclear pore-like protein, NplA. The second line of evidence establishes that mutations in the NirA NES disrupt the NirAKapK and subsequently the NirA-NplA interactions in the yeast two-hybrid system. In A. nidulans, NES mutations lead to a constitutive, nitrate-independent nuclear accumulation of NirA. Importantly, inactivation of KapK by LMB in an LMB- . Induction of the GFP fusion proteins was obtained by the addition of 100 pM DES 5 h prior to the microscopic observations. GFP localization was examined by confocal laser scanning microscopy, and the position of the nuclei was determined by DAPI staining (not shown). Scale bar, 10 m. Urea, the standard ND nitrogen source in transcriptional analysis, chromatin studies, and in vivo footprinting, resulted in an unexpected high vacuolization of mycelia in areA mutant strains and, consequently, observations on arginine rather than on urea are shown in this figure and in Fig. 5C . VOL. 27, 2007 NUCLEAR EXPORT OF FUNGAL NITRATE REGULATOR 799 sensitive kapK1 strain also leads to the same phenotype (permanent NirA nuclear accumulation) showing that nuclear import of NirA is nitrate independent. Consequently, we hypothesize that NirA nuclear import and export is a permanently active process under all nitrogen conditions but that the export process is disrupted when nitrate becomes available. Under these NirA-activating conditions, nuclear export would be blocked and NirA accumulates in the nucleus, eventually leading to transcriptional activation of the target genes. This hypothesis is supported by our third line of evidence, i.e., the finding that the exportin KapK can be precipitated in ChIP experiments from the NirA binding site in a nirA ϩ strain under conditions of NirA nuclear export (ammonium-repressing conditions) but cannot be detected in a significant amount at this binding site under conditions of nuclear accumulation (nitrateinducing conditions). We propose that in the absence of nitrate NirA is a cargo for KapK and thus prevents its nuclear accumulation. Nuclear export would involve interactions with nucleoporins, including NplA. Nitrate would disrupt the interaction between KapK and the NES of NirA, thus preventing nuclear export. In light of these findings, it appears highly unlikely that nitrate induction specifically triggers the nuclear accumulation of NirA, an independent effect of induction on nuclear import rate is not, however, excluded.
In the major nuclear export mechanism, a Crm1p/CRM1/ exportin 1 homologue recognizes a hydrophobic NES of a given nuclear protein and forms a ternary complex with Ran/ GTP (see reference 43 for a review). This tripartite complex would then interact with nucleoporins. Interaction of CRM1/ exportin-1 homologues with a number of nucleoporins has been reported in a number of different systems (see, for example, references 17, 18, 22, and 68). Our results suggest a role for a conserved putative nucleoporin-like protein, NplA. Exported cargoes do not interact directly with nucleoporins in agreement with our failure to detect any in vitro interactions between NirA and NplA and with the finding that KapK bridges this interaction. The conserved nature of such interactions is certainly of interest. Crm1p, the yeast homologue of KapK, serves as a bridging factor between the human NEScontaining protein REV and several human and yeast nucleoporins (38) . The yeast Crm1p and human CRM-1, orthologues of KapK, interact with NLP-1. This accounts for two-hybrid assays revealing an interaction between the NES of REV and the human NPL-1, followed by the failure to demonstrate a direct interaction between these proteins (15) . The analogy with our results suggests a striking conservation of nuclear export pathways among eukaryotes. The deletion of the nplA gene has no specific phenotype, and this is in line with the multiplicity of putative nucleoporins found in the genome of A. nidulans (13) . We must conclude that NplA is one of several nucleoporins able to interact with KapK. Inactivation of KapK, on the other hand, leads to nuclear accumulation of NirA, and these results argue against overlapping functions of exportins in NirA nuclear export and support an exclusive role for KapK in this process.
We were surprised by the finding that nuclear retention is necessary, but not sufficient, for the activation of NirA. While the inactivation of KapK by LMB in the kapK1 strain grown in the absence of nitrate results in NirA nuclear accumulation, it does not lead to transcriptional activation of either niiA or niaD (Fig. 2C) . This suggests an additional role for nitrate in transforming NirA to its transcriptionally active form. The results from the nirA c 1 gain-of-function mutation, which mimics nitrate induction not only for nuclear accumulation but also for transcriptional activation, shed some light into this additional role of nitrate. NirA c 1 constitutively localizes to the nucleus and occupies the crucial NirA binding site 2, leading to partial constitutivity of niiA and niaD expression and complete constitutivity of all of the chromatin rearrangements extant in the niiA-niaD bidirectional promoter. With the exception of nuclear localization, all of these phenotypes are dependent on the GATA factor AreA. This is in line with previous work which revealed a synergy of AreA and NirA in eliciting transcription and strongly suggested an in vivo interaction between these two proteins (5, 16, (33) (34) (35) . Particularly challenging is the observation that complete chromatin remodeling in the intergenic region occurs in nirA c 1 strains in the absence of nitrate because previous work has shown that gross chromatin remodeling determined by MNase is independent of NirA (33). However, recent results (5) suggest that NirA has a role in the kinetics of loss-of-positioning of nucleosome Ϫ1. The nirA c 1 mutation, besides disrupting the interaction of NirA with the nuclear export machinery, must also result in interactions with the transcriptional and chromatin restructuring machinery in the absence of nitrate. The nirA c 1 mutation maps in the NES and exchanges a neutral amino acid (glycine) for a hydrophobic residue (valine) in a region proposed to form hydrophobic interactions with the nuclear export machinery. The G167V substitution may lead to a densely packed hydrophobic pocket restricting the access of KapK. Substitutions in the canonical leucines of the NES by alanines, which result in nuclear retention, result also in nirA loss-of-function phenotypes, which implies a role of this region for the protein to be active as a transcriptional activator. The molecular basis of nitrate-mediated inhibition of NirA export remains unknown. Posttranslational modification of proteins such as phosphorylation (14, 25, 39, 65, 67) or as shown for Yap1p (see the introduction), through the formation of an intramolecular disulfide bridge, could mask (or unmask) an NES (12, 64) . It is tempting to speculate that the NirA NES is involved in intramolecular interactions with the NirA activation domain and that nitrate or the nirA c 1 mutation acts by disrupting these interactions, making the transcriptional activation domain accessible while masking the NES. If this were the case, it should be possible to isolate additional constitutive, gain-of-function mutations mapping in these proposed interaction domains. Studies that support this view are under way. Additional constitutive mutations and suppressor mutations of thermosensitive nirA mutations have been identified in the central region and the C terminus of NirA (Andreas Bernreiter, Lisa Olsson, Herb N. Arst, Jr., and Joseph Strauss, unpublished results).
